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1.0 INTRODUCTION
Resource consumption plays a significant role in the construction industry. Indeed, construction planners and decision makers are challenging with this issue. They strive to determine the best combination of resources level involved in the construction processes in such a way that improve some performance measures such as process productivity and total cycle time.¹ Large construction projects involve various types of resources, such as labour, equipment and materials which require planning and design for efficient performance and high benefits. Any combinations of these resources level affect the productivity of construction processes. [2] [3] Recently, increased research efforts have been expended for reducing the cost and cycle time of construction projects. Among the factors that affect construction project cost and cycle time are construction resources. Therefore, construction research efforts aim at minimizing project cost and cycle time so that resource limitations and project due date are considered. In order to achieve this, researchers have tried to answer the question about the best resource allocation for each activity in a given construction process. [4] [5] Several attempts have been made to solve the problem of resource management in the construction sector. Zhang and Tam 6 have developed a fuzzy dynamic resource allocation based on a fuzzy decision-making approach. They aimed at improving construction productivity by minimizing the factors such as waiting times or number of resources waiting in queues, etc. The fuzzy decision making model for allocating the resources has been conducted based on the real time data. They have incorporated a discrete-event simulation with an activity based model and activity simulation strategy. Moreover, Huang et al. 7 have listed five schemes called SR, MR/CS/FS, MR/CNS/FS, MR/CS/FNS, and MR/CNS/FNS schemes for which sensitivity analysis has been done using computer simulation software Micro CYCLONE. It should be noted that each of the schemes had their own number of resources. The study was aimed at assessing the influence of varying resources on productivity. The results have revealed that different scenarios of resource allocation changed the duration and cost of project considerably. Chen et al. 5 have presented an approach called Intelligent Scheduling System (ISS) which applied simulation techniques to allocate different levels of priorities to construction activities. ISS has been applied for using simulation techniques in order to allocate different levels of resources to different activities in every simulation cycle to find near-optimum distributions of resources such as manpower, material, equipment and space according to the project goals and constraints. Nikakhtar et al. 1 have also conducted sensitivity analysis for a construction process via computer simulation. They have reported that their work caused the optimum resource combination to be found so that productivity has increased by 7.77%. In order to achieve this, they have defined different combination of resources involved in a given construction process. After that different scenarios have been simulated based on the defined combinations in order to achieve the best resource combination that maximized the process productivity.
Apart from the aforementioned mentioned efforts reported on managing resources involved in construction processes, limited research efforts have been made on studying the following issues:
1. Determination of the effects of various factors involved in a construction process. 2. Better understanding of the effect of interactions between different resources on construction process performance.
Design of experiment (DOE) is a powerful statistical tool which can address the above mentioned gaps and at the same time the best combination of resources level that maximizes the productivity can be determined. DOE is an experiment or series of tests performed by changing the input process variables that may affect the output responses. DOE techniques also enable planners to determine the variables that have the most significant effect on the response. In fact, experimental design methods are useful tools for improving processes. It also aids the system in reducing the cycle time and overall costs significantly as well as improving process performance. Moreover, DOE provides a full insight of interaction between selected factors that may affect the output results or responses. 8 Traditionally, the experimental designs have been used in physical experiments such as agriculture experiments and clinical tests. Due to the large number of input variables and high cost of conducting experiments, performance of physical experiment is practically impossible. Therefore, computer simulation is utilized as a powerful and useful tool with which experimental trials could be conducted in a low-cost and reliable environment. [9] [10] [11] In this study, a unique approach involving the combined use of DOE and Simulation for determining the best combination of resources level that maximizes the process productivity for a realworld construction process, viz. concrete pouring process, is investigated.
2.0 CASE STUDY
The case study is part of a concrete building construction located in the city of Mashhad, Iran. It consists of two floors and each floor, according to design specifications, needs 420 m 3 of concrete to be completed. The concrete operations consist of two main operations. The first one is concrete pouring of slabs and beams and the second one is concrete pouring of walls and columns. In this paper, the authors focus on concrete pouring process of beams and slabs which is divided into 4 parts of about 91 m 3 of concrete. Concrete trucks that contain 7 m 3 of concrete are used for hauling concrete to the construction site. The process starts from the entrance point of the construction site. Following that, seven cubic meters of concrete are hauled by a concrete truck into the construction site. After the entry of a concrete truck into the construction site, it goes for pumping. Once the concrete is prepared and tested, it is time to pour the concrete using a concrete pump. In this step, an operator is responsible for pumping the concrete. After pumping, all the concrete in the concrete truck, the other resource crews do the rest of concrete operations. These operations are spreading, vibrating, and finishing and these are done sequentially. The process map for process is drawn in Figure 1 . 
3.0 SIMULATION MODEL DEVELOPMENT
Having drawn the process map of the concrete pouring process, the necessary data for the simulation model need to be gathered next. A simulation model needs random input data in order to reflect the randomness of the model. In order to do this, different samples of data should be collected first. The necessary input data for the simulation model of the process are the duration for operations such spreading, finishing, etc. and the time between successive arrivals of concrete tucks. After collecting the required samples of data, a probability distribution function should be fitted to each of them because the inputs of a simulation model are in the form of probability distribution.
After developing the process map for the concrete pouring process and acquiring the input data in the form of probability distribution functions, the simulation model for the process is developed. The model is intended to reflect the current state of the concrete pouring process. There are various computer simulation software available for developing the simulation model of the activity. In this study, Arena 13.9 is chosen as the simulation software for developing the simulation model. Figure 2 shows the current-state model for the concrete pouring process. In order to build the simulation model below assumptions were considered:
1. The working times are 24 hours per day and 5 days in week. 2. The employer fulfils a short-term contract to use the trucks and the trucks did not pay based on the time in the system. 3. Trucks breakdown is not considered in this model.
The Table 1 depicts the distributions of process in simulation model that are fitted to the collected data. 
4.0 SIMULATION MODEL VALIDATION
After developing the simulation model, the model must be validated to see whether it behaves as the real-world activity. In order to validate the simulation model, a parameter of the process should be selected and a comparison should be drawn between the value of the parameter in real-world process and that of the simulation model. The parameter considered for this purpose is the process cycle time. Data collected from field observations indicate that the average cycle time of the concrete pouring process is 205.8 minutes. Running the simulation model for 4 times, Figure 3 depicts the comparison between simulation and real-world outputs. The average process cycle time of the simulation model is 213.55 minutes. The variation between the simulation model and real-world process is 3.62% which is considered acceptable.
5.0 MODEL ANALYSIS
Having obtained the simulation model of the real-world process, the performance of the model should be analysed. Analysis of the model is done by defining the process productivity. In this study, productivity is defined as the amount of output divided by the amount of input. The amount of output is considered as the amount of cubic meters of concrete to be poured in the concrete pouring process. As mentioned before, 91 cubic meters of concrete is poured in the consider process. The process input is defined in terms of cost. It is defined as the total resource cost of the process. Table 2 shows the cost and quantity of critical resources involved in the current-state simulation model. Productivity and resource cost calculation are presented in equations 1 and 2, respectively. 
Having considered the average cycle time of 213.55 minutes (3.56 hours) and the total resource cost of $487.72, the productivity based on the current state simulation model is equal to(18.66 × 10 −2 ) m 3 $ ⁄ .
6.0 DESIGN OF EXPERIMENT
DOE technique is used to develop the experimental plan required for determining the significant factors that affect process productivity and the optimum resource level combination that will result in the best process productivity. In order to implement DOE, the following steps are followed. The steps are:
 Choosing the factors and their levels  Choosing a response variable  Choice of experimental design  Performing experiment  Data analysis  Conclusions and recommendations
Choosing Factors and Response Variable
The factors chosen in this study are number of critical resources of the concrete pouring process. The variation range or level of factors is indicated in Table 3 . As can be seen, each factor has a high (+) and low (-) level. The specified levels are considered based on discussion with the construction practitioners and the limitations of the process. As discussed before, the response variable considered in DOE is process productivity. For the choice of experimental design, due to the small number of factors investigated, the full factorial design is used. In the factorial design all possible combination of factors are in an experiment considered. The experiment is also replicated for two times. As can be seen from Table 3 , each factor has two levels. Therefore, a full factorial experiment includes 24 runs. Having considered 2 replications for experiments and five additional centre points, 37 runs are included in the design.
Performing Simulation Experiments
After obtaining the experimental plan, the experiments are performed. To do this, the simulation model is run for different combination of factors level. Table 4 indicates the results of performing the simulation experiment. It should be noted that the last five rows in Table 4 are dedicated to centre points. The addition of centre points is discussed in the next section.
Data Analysis

Identifying Significant Factors
In order to analyse the data shown in Table 4 , a statistical computer package is required. In this study the Design-Expert software is used. Having entered the data presented in Table 3 in Design-Expert, it analyses them in order to identify the significant factors and recommend the best solution. Table 6 represents the results of analysis of variance (ANOVA) performed by Design-Expert for identifying significant factors. Decision about the significance of a factor or effect is made based on the P-value. If the P-value of a factor or effect is less than 0.05, it is considered as significant factor.
Incorporation Of Centre Points
Since this research conducts a factorial design in which main effect and interactions are considered, studying the curvature in the response surface of the model is of great importance. In order to do this, five additional centre points, as mentioned before, are added to design.
Upon performing the ANOVA for the experimental data, as shown in Table 6 , it is revealed that the curvature is significant. Significant curvature implies a second-order-effect has to be incorporated in order to have an adequate regression model. Since the curvature is significant, the design should be augmented by adding axial points. By this it means that several new runs should be added to enable the second order effect to be determined. Having done the design augmentation, 20 additional runs are added to experimental plan. Table 5 reveals the results of performing the experiment with these new points. Having added the 18 new runs to 37 past runs, ANOVA should be re performed for the combined experiments of 54 runs. It reveals that a quadratic model should be fitted to the data. The significant factors are A, B, C, D, AC, AD, CD, and D 2 . The tables 7 and 8 show the ANOVA and estimated effects of significant factors, respectively. An example of 3D surfaces constructed is also shown in Figure 4 . 
Regression of Second Order Model
Based on the estimated coefficient of the significant factors, the following second order regression model is fitted to the data.
Having considered the report of estimated effects, equation 3 indicates the regression model fitted to the data produced by Design-Expert Ŷ = β 0 + β 1 X 1 + β 2 X 2 + β 12 X 1 X 2 + β 11 
Residual Analysis
Having obtained the regression model, the residual analysis is performed to validate the regression model. The residual, which are the difference between the observed values and predicted values, should be lie on a straight line in the normal probability plot. Figure 5 shows the normal probability of the residuals. As can be seen in the figure, the residuals lie along a straight line. The residuals are considered to be normal and therefore the validity of the model is proven. In addition, Figure 6 reveals the plot of residuals versus the predicted response for productivity. It reveals that there is no obvious pattern and unusual structure. This implies that the proposed model is adequate and the assumption of constant variance is not violated.
Optimization and Confirmation
After validation of the regression model, it is time to achieve the optimum solution of the achieved model. In order to do optimization Design-Expert is employed. The optimum point calculated by Design-Expert is: A=3, B=1, C=1 and D=1. The productivity at the optimum point is(20 × 10 −2 ) m 3 $ ⁄ . The point implies that the optimum point is one that in which all factors are at their low level. Having obtained the optimum point, the regression model should be confirmed at the achieved optimum point. By this it means that the simulation model is run at the optimum point predicted by the regression model and the outcome is compared with that of regression model. Table 8 indicates the outcome of 10 runs of the simulation model at the optimum point predicted by the regression model. As can be seen, the variation between the simulation results and that of regression model is 9.25% which is acceptable. 
7.0 CONCLUSION
This research strives to conduct design of experiment for determining the best combination of resources level involved in a real-world construction process. The investigation concentrates on finding a resource combination that has high performance measure. Computer simulation is also used as an effective tool for conducting the simulated experiments as called for in the experimental plan designed. Different combinations of resources are modelled to achieve the best performance measure for the process. The result shows that the maximum desirability of productivity will be achieved when the all factors to be at low levels that means A=3(Truck), B=1(Spreader Crew), C=1(Vibrator Crew) and D=1(Finisher Crew).It is hoped that this work has demonstrated the viability of the combined use of simulation and DOE in construction resource management. This leads to the determination of the optimal resource combination in such a way that process productivity is improved. Future study can be done to find the global optimum of resource levels by using other methods such as response surface methodology and meta-heuristic algorithms.
